A sulphide capacity prediction model of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags has been developed based on the ion and molecule coexistence theory (IMCT) and verified by two groups of sulphide capacity data of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags by different researchers. A hot metal pretreatment slags of CaO-SiO 2 -MgO-Al 2 O 3 with high binary basicity is also applied to verify the feasibility of the developed IMCT model. The predicted sulphide capacity of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags at 1 773 K as well as high alumina CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags in a temperature range of 1 773-1 873 K by the developed IMCT model has higher accuracy than the measured as well as the predicted by other sulphide capacity prediction models. The calculated equilibrium mole numbers, mass action concentrations of structural units or ion couples and optical basicity are recommended to represent slag composition for correlating with sulphide capacity of the slags compared with mass percentage of components or binary slag basicity. The developed IMCT model can calculate not only the total sulphide capacity of the slags but also the respective sulphide capacity of free CaO and MgO in the slags. Largely increasing Al 2 O 3 content from 15 to 25 % and decreasing CaO content from 40 to 34 %, MgO content from 9 to 4 % can improve contribution of free CaO from 97 to 99 % while decreasing contribution of free MgO from 3 to about 1 % to the total sulphide capacity of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags.
Introduction
After optical basicity concept was proposed and introduced by Duffy and Ingram 1) in the 1970s to describe function of all components to metallurgical slag basicity, sulphide capacity of slags proposed by Richardson and Fincham 2, 3) in the 1950s to represent desulphurization ability of metallurgical slags has attracted a lot of attentions in worldwide metallurgical circles. Although sulphide capacity of slags was defined and proposed based on slag-gas phase equilibrium, 2, 3) tremendous metallurgical researchers have widely applied sulphide capacity [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] or sulphide capacity index 20) to describe desulphurization ability of slags based on slag-metal reactions because sulphide capacity of slags has very close relation with slag composition and reaction temperature. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Stimulated by an empirical relation among sulphide capacity, optical basicity and temperature developed by Sosinsky and Sommerville 4) in the 1980s, many prediction models of sulphide capacity [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] or sulphide capacity index 20) for various slags have been proposed or developed to predict or fit the measured sulphide capacity of slags equilibrated with metal. Besides S-S's model by Sosinsky and Sommerville, 4) other sulphide capacity prediction models with wide reorganization, such as Young's model 5) and Reddy's model 8) related to optical basicity, and KTH model [9] [10] [11] [12] in terms of the specially defined interaction coefficient of component i to j x i-j interaction have been developed since then. The sulphide capacity prediction models related to optical basicity, such as Young's model 5) and Reddy's model, 8) have been widely applied as easy calculation, however, the underestimation of sulphide capacity by those models has been observed by some researchers. 6, 7, 16) Meanwhile, KTH model [9] [10] [11] [12] proposed by researchers at the Department of Metallurgy, Royal of Institute of Technology (KTH), must need x i-j interaction , while x i-j interaction for some components in slags is absent as measurement difficulty. 10) Under those circumstances, Shankar et al. 6) and Taniguchi et al. 7) have recently proposed two models to accurately predict sulphide capacity of high alumina CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with gas by modifying the above-mentioned sulphide capacity models 5, 8) related to optical basicity. However, whether the new model by Shankar et al. 6) or by Taniguchi et al. 7) can be applied to accurately predict sulphide capacity of other slags should be further verified and proved.
Like sulphide capacity, sulphur distribution ratio between slag and metal has been successfully applied and widely recognized as a common parameter to depict desulphurization ability of slags. The sulphur distribution ratio prediction models [13] [14] [15] have been developed by some empirical formulas or indirectly proposed from sulphide capacity prediction models to describe desulphurization ability of slags from metal. However, the developed sulphur distribution ratio prediction models [13] [14] [15] can only be successfully ap-plied to some limited slags without widespread acceptance from viewpoint of metallurgical physicochemistry. It is necessary and interesting to develop a sulphide capacity prediction model according to intrinsic relation of sulphide capacity and sulphur distribution ratio from new viewpoint.
A sulphide capacity prediction model of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags has been developed according to the ion and molecule coexistence theory [22] [23] [24] [25] [26] (IMCT) developed by J. Zhang, i.e., IMCT model. The developed IMCT model for predicting sulphide capacity has been verified by two groups of measured sulphide capacity data of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags by different researchers 6, 22) : one is of CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with hot metal at 1 773 K, 22) the other is of high alumina CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with gas containing sulphur in a temperature range of 1 773-1 873 K. 6) Meanwhile, the IMCT model has also been verified by comparing with calculated sulphide capacities of above-mentioned two slags by five other models as S-S's model, 4) Young's model, 5) Shankar's model, 6) Taniguchi's model 7) and KTH model. [9] [10] [11] [12] The relationships among predicted sulphide capacity by IMCT model, optical basicity, binary basicity, mass percentage of components, calculated equilibrium mole numbers and mass action concentrations of structural units or ion couples based on IMCT [22] [23] [24] [25] [26] of two slags are also applied as evidences to verify the developed IMCT model. The ultimate objective of this study is not only to develop a sulphide capacity prediction model of CaO-SiO 2 -MgO-Al 2 O 3 blast furnace (BF) ironmaking slags in terms of IMCT, [22] [23] [24] [25] [26] but also to provide a universal method to propose a sulphide capacity prediction model for various metallurgical slags.
Sulphide Capacity Data of CaO-SiO 2 -MgO-Al 2 O 3 Ironmaking Slags
Two groups of sulphide capacity C S 2Ϫ data of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags have been applied in this study to develop and verify the IMCT model. One group C S 2Ϫ data were measured from CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags equilibrated with carbon saturated hot metal at 1 773 K by the present authors, 22) the other were measured from high alumina CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags equilibrated with gas in a temperature range of 1 773-1 873 K by Shankar et al. 6) Two groups of C S 2Ϫ data of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags applied in this study were repeatedly given out in Table 1 and  Table 2 for easy understanding and comparison. It should be emphasized that C S 2Ϫ ,measured listed in Table 1 However, the desulphurization reaction between slag and metal can be traditionally written by ion exchange reaction as . , )
The reaction equilibrium constant K Q S 2 of Eq. (4) can be written as 14, 19) ... Therefore, the relationship between L S and C S 2Ϫ of a slag can be obtained from Eq. (6) as 14, 19) .... (7) Obviously, the uneasily measured C S 2Ϫ of slags equilibrated with gas can be calculated from the easily measured L S of slags equilibrated with metal by Eq. (7).
Sulphide Capacity Model Based on IMCT
According to the reported L S prediction model 22) between CaO-SiO 2 -MgO-Al 2 O 3 slags and hot metal based on IMCT, [22] [23] [24] [25] [26] [22] [23] [24] [25] [26] can be expressed by 22) . 
. . 
Therefore, L S of CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with metal can be descried as follows 22) ..... (10) Although inserting the representations of L S,CaO and L S,MgO in Eq. (9) or L S in Eq. (10) into Eq. (7), both terms of f S and a O in Eq. (7) can be deleted. However, the activity coefficient of sulphur and oxygen in hot metal, f S and f O , in Eq. (6), Eq. (8) 
Evaluation of Other Sulphide Capacity Models
To verify the developed IMCT model for prediction C S 2Ϫ of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags, it is necessary to compare and evaluate other C S 2Ϫ prediction models. The five C S 2Ϫ prediction models with high acceptance have been summarized in Table 3 , such as Young's model, 5) Shankar's model, 6) Taniguchi's model 7) based on optical basicity L and KTH model [9] [10] [11] [12] in terms of defined interaction coefficient of component i to j x i-j interaction , while the early proposed S-S's model by Sosinsky and Sommerville 4) is also listed in Table 3 for comparison.
Evaluation of Sulphide Capacity Models Based on
Optical Basicity Although an C S 2Ϫ empirical formula containing L and temperature T had been firstly developed by Sosinsky and Sommerville 4) in the 1980s for some binary, ternary and quaternary slags in a temperature range of 1 673-1 973 K, Young et al. 5) had found from experimental study that S-S's model 4) can only be applied to slags in low range of C S 2Ϫ, while there is a large deviation of predicted C S 2Ϫ of slags in high C S 2Ϫ range. Therefore, Young et al. 5) proposed the other C S 2Ϫ prediction model with better applicability in a large L range from their experimental data as shown in Table 3 . However, Shankar et al. 6) had found that the predicted C S 2Ϫ by Young's model 5) as well as by KTH model [9] [10] [11] [12] was much smaller than measured C S 2Ϫ ,measured of some slags. A new C S 2Ϫ prediction model was proposed by Shankar et al. 6) as listed in Table 3 Taniguchi et al. 7) had also found the same results reported by Shankar et al., 6) therefore, Taniguchi et al. 7) proposed another C S 2Ϫ prediction model as listed in Table  3 for slags CaO(10-63%)- 
Evaluation of KTH Sulphide Capacity Model
The KTH model [9] [10] [11] [12] was independently proposed according to the specially defined interaction coefficient of component i to j x i-j interaction . The KTH model [9] [10] [11] [12] for the investigated CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags is also listed in Table 3 . Certainly, applying KTH model [9] [10] [11] [12] requires to know or measure x i-j interaction . However, considering experimental difficulties and other factors, some x i-j interaction can not be measured or estimated accurately. It is the major reason to limit application of KTH model to some slags. Table 3 and C S 2Ϫ ,measured transferred via L S,measured 22) of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags at 1 773 K is shown in Fig. 1(a) . Only the predicted C 5) as well as KTH model [9] [10] [11] [12] is similar to that found by Shankar et al. 6) and Taniguchi et al. 7) for their slags, respectively. Therefore, it can be deduced that S-S's model, 4) Young's model 5) and KTH model [9] [10] [11] [12] can not be applied to accurately predict C S 2Ϫ of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags. In addition, the interaction coefficient x i-j interaction applied in KTH model [9] [10] [11] [12] is determined or calculated from C S 2Ϫ ,measured with known composition of a slag at a constant temperature, experimental deviations, regression deviations and non-uniform of measured slag composition can affect accuracy of the regressed x i-j interaction in KTH model, [9] [10] [11] [12] furthermore, negatively influence the accuracy of results from KTH model. [9] [10] [11] [12] However, it is strange with some unknown reasons that Taniguchi's model 7) can not be applied to perfectly predict C S 2Ϫ of the investigated CaO-SiO 2 -MgOAl 2 O 3 ironmaking slags.
Therefore, the developed IMCT model based on IMCT [22] [23] [24] [25] [26] can be reliably applied to predict C S 2Ϫ of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags at 1 773 K compared with other five models listed in Table 3 . Table 2 6) should be firstly calculated by using the developed thermodynamic model 22) for calculating N i and Í n i of the slags. Other related parameters, such as K Q CaS and K Q MgS , can also be calculated as descried in detail in Sec. 3.2.
Comparison of Calculated
The comparison of predicted C S 2Ϫ ,calculated by six models listed in Table 3 and C S 2Ϫ , measured 6) of high alumina CaOSiO 2 -MgO-Al 2 O 3 slags in a temperature range of 1 773-1 873 K is shown in Fig. 1(b) . The calculated C S 2Ϫ ,calculated by S-S's model 4) or Young's model 5) or Taniguchi's model 7) or by KTH model [9] [10] [11] [12] is much smaller than C S 2Ϫ ,measured 7) in Table 4 is also illustrated in Fig. 1(c) . Obviously, all the six models listed in Table 3 can be successfully applied to predict C S 2Ϫ of the high basicity hot metal pretreatment slags.
Therefore, the developed IMCT model can be successfully applied to predict C S 2Ϫ of the investigated CaOSiO 2 -MgO-Al 2 O 3 ironmaking slags by the present authors, 22) the reported high alumina CaO-SiO 2 -MgOAl 2 O 3 ironmaking slags by Shankar et al. 6) and CaO-SiO 2 -MgO-Al 2 O 3 hot metal pretreatment slags with high binary basicity by Taniguchi et al. 7) The application range of the developed IMCT model for ironmaking or hot metal pretreatment slags can be summarized as CaO(28-55%)-SiO 2 (7-40%)-MgO(1-12%)-Al 2 O 3 (10-40%) with binary basicity as 0.73-8.0 as well as sulphide capacity in a range of 1ϫ10
. To focus more attention of the developed IMCT model on BF ironmaking slags in this paper, the related results of CaO-SiO 2 -MgO-Al 2 O 3 hot metal pretreatment slags by the developed IMCT model in Table 4 will not be discussed in detail in the following text.
Relation between Optical Basicity and Sulphide
Capacity of CaO-SiO 2 -MgO-Al 2 O 3 Ironmaking Slags It has been repeatedly proved that optical basicity L has very good corresponding relation with C S 2Ϫ of various metallurgical slags from models listed in Table 3 . It is a powerful proof to further verify correctness and feasibility of the developed IMCT model according to whether the predicted C Fig. 3 , respectively. It can be observed from Fig. 3 that 1 6) or C S 2Ϫ ,measured 6) against B is to some degree scattered than that against L for the high alumina ironmaking slags; 2) a good corresponding relation between C S 2Ϫ ,calculated by both IMCT model and Shankar's model 6) or C S 2Ϫ ,measured 6) and L can be found in Fig. 3(b) for the high alumina ironmaking slags at 1 773 K, however, improving temperature from 1 773 to 1 873 K will make an obvious difference of the plotted relations as shown in Figs 6) or C S 2Ϫ ,measured 6) and L for the high alumina ironmaking slags at 1 773 K, 1 823 K and 1 873 K.
The fitting degree of corresponding relation between C IMCT S 2Ϫ ,calculated by IMCT model and L for the two CaOSiO 2 -MgO-Al 2 O 3 ironmaking slags is higher than that of relation between C S 2Ϫ ,measured and L, respectively. Therefore, it can be deduced that the developed IMCT model can predict more accurate sulphide capacity of BF ironmaking slags with various compositions at different temperatures than other models listed in Table 3 . 6) or C S 2Ϫ ,measured 6) of the high alumina ironmaking slags can be established in Fig 7(c) , which is not in agreement with that illustrated in Fig 4(c 6) or C S 2Ϫ ,measured 6) can be observed in Fig. 7(d) 6) or C S 2Ϫ ,measured 6) of the high alumina ironmaking slags as shown in Fig. 7 .
Relation between Component Content and
The difference of relation between mass percentage of MgO or Al 2 O 3 and C S 2Ϫ of two ironmaking slags shown in Fig. 4 and Fig. 7 can be explained from change of chemical compositions for two slags. Comparing chemical compositions of two slags listed in Table 1 and Table 2 in which increasing 2n MgO or n (Mg 2ϩ ϩO 2Ϫ ) has positive effect to promote C S 2Ϫ, can be observed in Fig. 8(c) for the high alumina ironmaking slags except one point with the largest 2n MgO ), (SiO 2 ) and (Al 2 O 3 ) in the high alumina ironmaking slags like that with n i as shown in Fig. 8 . A fuzzy corresponding relation between N MgO and C S 2Ϫ can be observed in Fig. 9(c) for the high alumina ironmaking slags except one datum with the largest N MgO as 0.04. It can be observed by comparing Fig. 8 and Fig. 9 6) or C S 2Ϫ ,measured 6) of the high alumina ironmaking slags. Table 3 can only predict C S 2Ϫ of a slag, but not the respective sulphide capacity C S 2Ϫ ,i of basic oxides or ion couples with desulphurization potential. ) to the total sulphide capacity of the slags as 97 % and 3 % in terms of IMCT, [22] [23] [24] [25] [26] which is the same contribution of ion couple (Ca shown in Fig. 10(b) , which is almost the same with the contribution ratio of ion couple (Ca Fig. 10 and Fig. 11 ) in BF ironmaking slags from 97 to 99 %. In addition, the linear relation with very high fitting degree in Fig. 11 (c) compared with that in Fig.  11(a) and Fig. 11(b) 
Contribution of Basic Oxides to

Conclusions
A sulphide capacity prediction model of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags has been developed based on the ion and molecule coexistence theory (IMCT). The predicted sulphide capacity by the developed IMCT model has better accuracy than two groups of measured as well as predicted of CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags by other five models. The main summary remarks can be obtained as follows:
(1) The developed IMCT model for predicting sulphide capacity can be successfully applied to predict sulphide capacity of CaO- 
